analysis of infiltrating T cells in kidney ischemia-reperfusion injury reveals a pathophysiological role for CCR5. Am J Physiol Renal Physiol 302: F762-F773, 2012. First published December 7, 2011 doi:10.1152/ajprenal.00335.2011.-Although T cells have been shown to play a direct role in kidney ischemia-reperfusion injury (IRI), little is known about the underlying mechanisms. We hypothesized that studying the transcriptional responses in kidney-infiltrating T cells would help elucidate novel therapeutic targets for kidney IRI. Unilateral renal pedicle clamping for 45 min was performed in male C57BL/6 mice, and CD3 ϩ T cells were isolated from the kidney and purified. Transcriptional activities of T cell were measured by arraybased PCR compared between ischemic kidneys and contralateral nonischemic kidneys. Among total of 89 genes analyzed, 24, 22, 24, and 37 genes were significantly changed at 6 h, day 3, day 10, and day 28 after IRI. Genes associated with cytokines, chemokines, and costimulatory molecules were upregulated. Pathway analysis identified CC motif chemokine receptor 5 (CCR5) as a candidate pathophysiological pathway. CCR5 upregulation was validated at the protein level, and CCR5 blockade improved renal function after kidney IRI. Using discovery techniques to identify transcriptional responses in purified kidney-infiltrating cells enabled the elucidation of novel mechanisms and therapeutic targets for IRI. acute kidney injury; T lymphocyte; array-based QRT-PCR; chemokine receptor 5 ISCHEMIA-REPERFUSION INJURY (IRI) is the most common cause of acute kidney injury (AKI) in both native kidneys and transplant allografts (34). Despite advances in renal replacement therapy, the mortality in patients with native kidney IRI and morbidity in patients with kidney transplantation remain high, and there is no specific therapy (44). Unveiling the pathophysiology of kidney IRI will allow us to elucidate novel therapeutic targets. Inflammation has been established to contribute substantially to the pathogenesis of IRI (12, 42, 45) , and previous studies have demonstrated that T cells are important mediators of IRI (7, (17) (18) 36) . T cell-deficient mice (nu/nu) showed renal protection from IRI, and adoptive T cells transfer with the CD4 ϩ T cells subset restored early renal damage following IRI (11, 15). However, the underlying mechanisms by which T cells infiltrate and mediate kidney IRI are largely unclear. Transcription analysis has helped discover biomarkers and mechanistic pathways and new candidate therapeutic approaches directed toward organ injury (8, 20) . Although many studies have examined whole kidney transcriptional responses during kidney IRI (20, 29, 46) , transcriptional studies on kidney-infiltrating immune cells during IRI has not been performed. We hypothesized that transcriptional response of T cells infiltrating into the postischemic kidney during IRI would help us to understand T cell responses and lead to discovery of novel molecular targets for modulating kidney IRI.
ISCHEMIA-REPERFUSION INJURY (IRI) is the most common cause of acute kidney injury (AKI) in both native kidneys and transplant allografts (34) . Despite advances in renal replacement therapy, the mortality in patients with native kidney IRI and morbidity in patients with kidney transplantation remain high, and there is no specific therapy (44) . Unveiling the pathophysiology of kidney IRI will allow us to elucidate novel therapeutic targets. Inflammation has been established to contribute substantially to the pathogenesis of IRI (12, 42, 45) , and previous studies have demonstrated that T cells are important mediators of IRI (7, (17) (18) 36) . T cell-deficient mice (nu/nu) showed renal protection from IRI, and adoptive T cells transfer with the CD4 ϩ T cells subset restored early renal damage following IRI (11, 15) . However, the underlying mechanisms by which T cells infiltrate and mediate kidney IRI are largely unclear. Transcription analysis has helped discover biomarkers and mechanistic pathways and new candidate therapeutic approaches directed toward organ injury (8, 20) . Although many studies have examined whole kidney transcriptional responses during kidney IRI (20, 29, 46) , transcriptional studies on kidney-infiltrating immune cells during IRI has not been performed. We hypothesized that transcriptional response of T cells infiltrating into the postischemic kidney during IRI would help us to understand T cell responses and lead to discovery of novel molecular targets for modulating kidney IRI.
We performed unilateral kidney ischemia followed by reperfusion in male C57BL/6 mice, isolated kidney mononuclear cells (KMNCs) with our advanced techniques, and sorted for pure CD3
ϩ T cells with microbeads. We examined transcriptional responses in these isolated and purified kidney-infiltrating T cells. We found that kidney IRI induced significant changes in large numbers of genes, and these changes included cytokine/chemokine signaling and a costimulatory pathway even 4 wk after IRI. Pathway analysis for main biological functions of genes with significant changes identified CC motif chemokine receptor 5 (CCR5) as a candidate mediator of IRI. CCR5 was one of the highest upregulated genes following IRI, and it was one component of significant functional pathways at all time points. To test the hypothesis that CCR5 modulated kidney IRI, we first validated upregulation of CCR5 in CD3 ϩ infiltrating T cells at the protein level by flow cytometry. We then blocked CCR5 with a neutralizing antibody in mice undergoing bilateral kidney ischemia-reperfusion. We found that blockade of CCR5 in vivo protected mice from kidney IRI. Modifying discovery techniques to study small populations of kidney-infiltrating cells during IRI can lead to new insights into mechanisms of kidney IRI.
METHODS
Animal and experimental protocols. Male C57BL/6J mice were purchased from The Jackson Laboratory. All mice were 7-to 10-wkold males and were housed in a specific pathogen-free barrier animal facility. The Johns Hopkins University Animal Care and Use Committee approved all studies. Mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (75 mg/kg). Following an abdominal midline incision, left renal pedicles were bluntly dissected and clamped with a microvascular clamp (Roboz Surgical Instrument, Gaithersburg, MD) for 45 min. This ischemic time was chosen based on our preliminary experiments, in which 30 min of ischemia led to only a mild kidney histological response on days 10 and 28 and 60 min of ischemia led to severe histological injury. During the procedures, mice were kept well hydrated with warm (37°C) sterile saline. After the clamps were removed, the wounds were sutured and the mice were allowed to recover with free access to chow and water. Randomly selected mice were euthanized at 6 h, on day 2, day 10, and day 28 after surgery. Both postischemic kidneys and contralateral kidneys were collected and compared. In a CCR5 blockade experiment, a 30-min bilateral renal pedicle-clamping model was applied to assess early renal dysfunction.
KMNC extraction and CD3
ϩ T cell purification. KMNCs were isolated according to the method previously described (4) . Briefly, harvested kidneys were immersed in RPMI buffer (Mediatech, Manassas, VA) containing 5% fetal bovine serum and disrupted mechanically using a Stomacher 80 Biomaster (Seward, UK). The disrupted kidney tissues were meshed and strained through a cell strainer (70 m). The strained suspension was then centrifuged, and the cell pellet was washed and then suspended in 36% Percoll (Amersham Pharmacia Biotech, Piscataway, NJ) followed by gentle overlaying onto 72% Percoll. After centrifugation at 1,000 g for 30 min at room temperature, KMNCs were collected from the Percoll interface, washed twice, and counted on a hemocytometer using trypan blue exclusion. Then, KMNCs were reacted with rat anti-CD3 antibody (BD Bioscience, San Jose, CA), and CD3 ϩ T cells were isolated from KMNCs using magnetic bead separation (Goat anti-rat magnetic beads; Miltenyi Biotec, Auburn, CA). The purity of the population was confirmed by flow cytometric analysis and reached Ͼ90% (data not shown).
Purification and preparation of RNA. Total RNA was extracted from the CD3 ϩ T cells population using the TRIzol reagent method (Invitrogen, Carlsbad, CA). The quality of total RNA samples was assessed using Nanodrop (Thermoscientific, Waltham, MA), an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), and RT 2 RNA QC PCR Array (SABiosciences, Gaithersburg, MD).
Superarray RT-PCR (quantitative RT-PCR) analysis.
RT was performed on total RNA isolated from CD3 ϩ T cells extracted from kidneys and processed (Applied Biosystems, Foster City, CA). A High-Capacity cDNA Archive kit first-strand synthesis system for RT-PCR was used according to the manufacturer's protocol. Quantitative real-time PCR (QRT-PCR) was performed using an RT 2 Profiler PCR Array from SuperArray (SABiosciences). RT 2 Profiler PCR Arrays are designed for relative QRT-PCR based on SybrGreen detection and performed on a 1-sample/1-plate, 96-well format using primers for a preset list of genes corresponding to a particular biological pathway. The specific array types included here were mouse Th1-Th2-Th3 PCR Arrays (PAMM-034). In brief, cDNA volumes were adjusted to ϳ2.5 ml with SuperArray RT 2 Real-Time SYBR Green/ROX PCR 2X Master Mix (PA-012). Twenty-five microliters of cDNA mix was added to all wells. The PCR plate was sealed, spun at 1,500 rpm ϫ 4 min, and real-time PCR was performed on an Applied Biosystems 7300 Real Time PCR System. ABI instrument settings include setting reporter dye as "SYBR" and passive reference as "ROX," deleting "UNG Activation," and adding "Dissociation Stage."
Relative gene expressions were calculated by using the 2 Ϫ⌬⌬Ct method, in which Ct indicates cycle threshold, the fractional cycle number where the fluorescent signal reaches detection threshold (26) . The normalized ⌬Ct value of each sample is calculated using up to a total of five endogenous control genes (18S rRNA, HPRT1, RPL13A, GAPDH, and ACTB). Fold-change values are presented as average fold-change ϭ 2 Ϫ(average ⌬⌬Ct) for genes in treated relative to control samples (NCBI tracking system no. 15831202; http://www.ncbi.nlm. nih.gov/geo/query/acc. cgi?accϭGSE23747).
Global functional analysis and biological functional networking. The functional analysis that identifies the biological functions that were significantly associated with identified candidate genes was conducted using the Ingenuity Pathways Knowledge Base tool (http:// www.ingenuity.com). The significance value of each function is a measurement of how likely it is that a group of the candidate genes is involved in a represented (x-axes) function. Fisher's exact test was used to calculate a P value determining the probability of each biological function assigned to our candidate genes. The Ingenuitymodified network for biological functional pathways was built between genes which showed significant changes (listed in Flow cytometry analysis of KMNCs. Surface and intracellular staining of KMNCs was performed as previously described (4) . Isolated KMNCs were preincubated with anti-CD16/CD32 Fc receptor blocking antibody for 10 min to minimize nonspecific antibody binding. Cells were then incubated with monoclonal antibodies (antimouse CD3, CD4, CD8, CD11c, CD19, CD40, CD69, CD80, TCR-␤, NK1.1, F4/80, Mac-1, Ly-6G and MHC class II; all from BD Biosciences except anti-mouse F4/80 antibody and anti-mouse CCR5 antibody, which were from eBioscience) for 25 min at 4°C, washed with FACS buffer, and fixed with a 1% paraformaldehyde solution. Fourcolor immunofluorescence staining was analyzed using a FACSCalibur instrument (BD Biosciences) and FCS Express V3 (De Novo Software, Los Angeles, CA). Each assay included at least 10,000 gated events.
Intracellular cytokine staining. One million KMNCs were suspended in 200 l of RPMI 1640 medium with 10% of FBS, L-glutamine, and penicillin/streptomycin and incubated at 37°C in the presence of PMA (5 ng/ml), ionomycin (500 ng/ml; both Sigma-Aldrich), and monensin (BD Biosciences). After 5-h culture, cells were washed and stained for surface markers using anti-TCR-␤-allophycocyanin antibodies. These cells were then permeabilized with Cytofix/Cytoperm solution (BD Biosciences) for 20 min and washed twice with perm/wash buffer. Cells were then incubated with anti-TNF-␣-FITC, washed with perm/ wash buffer, and analyzed with a FACSCalibur instrument (BD Biosciences).
CCR5 blockade. To study the mechanistic role of CCR5 in T cells infiltrating into the kidney after IRI, 25 mg/kg of anti-CCR5 antibody and IgG2B isotype control antibody (R&D Systems) diluted with saline were administered to 7-wk-old male C57BL/6J mice (ip) 2 days before renal IRI (n ϭ 16 -18/group). Thirty minutes of bilateral renal pedicle clamping were applied to both groups, and they were maintained at a constant temperature (37°C). This bilateral clamping model was chosen because bilateral renal pedicle clamping causes acute kidney injury with an increase in serum creatinine concentration so that the latter could be used as a marker for early functional changes in the kidney, which cannot be performed with a unilateral clamp model. The same dosage of anti-CCR5 and an isotype control antibody was also injected into the intraperitoneal cavity immediately after the start of reperfusion. The antibody injection protocol was based on a previous study (40) , and CCR5 binding was verified with flow cytometry (data not shown).
Assessment of renal function. Blood samples were obtained from the tail vein before and at 24, 48, and 72 h after renal IRI. Serum creatinine levels (mg/dl) were measured with a Cobas Mira plus autoanalyzer (Roche Diagnostics, Indianapolis, IN).
Kidney histological analysis. Mice were euthanized at 72 h after renal IRI. All kidneys were harvested after exsanguination. Tissue samples were fixed with 10% buffered formalin followed by paraffin embedding, and then renal sections were stained with hematoxylin and eosin (H&E). Renal tubular damage was scored in a blinded fashion by a renal pathologist.
Measurement of chemokines by ELISA. CCL3 and CCL5 protein levels at days 0 and 3 after IRI were measured in whole-kidney protein extracts in each experimental group with an ELISA kit (Ray Biotech, Norcross, GA) according to the manufacturer's recommended protocol.
Statistics. All data are expressed as means Ϯ SE. Group means were compared using Mann-Whitney analysis and ANOVA followed by Newman-Keuls post hoc analysis using GraphPad Prism version 4 (GraphPad Software, La Jolla, CA). The survival rate was evaluated using the Kaplan-Meier method. Statistical significance was considered when a P value was Ͻ0.05.
RESULTS

Gene expression changes in kidney-infiltrating CD3
ϩ T cells after IRI. Marked transcriptional changes in multiple genes occurred in CD3 ϩ T cells infiltrating into the kidney after IRI, which persisted up to 28 days after IRI (Table 1) . Of 89 genes studied, there were significant changes in 24, 22, 24 , and 37 at 6 h, 3 days, 10 days, and 28 days after IRI. The numbers of upregulated genes were higher than downregulated genes except for day 3 after IRI (upregulated genes: 22, 10, 20, and 26, and downregulated genes: 2, 12, 4, and 11 at 6 h, 3 days, 10 days, and 28 days after IRI, respectively). The hierarchical clustering analysis revealed several clusters of genes, those that were markedly up-or downregulated in IRI kidneys compared with control nonischemic kidneys at each time point, which showed that IRI induced significant genetic responses in kidney T cells (Fig. 1) .
Genes that were continuously affected by IRI are associated with chemokine and cytokine signaling and the costimulatory pathway. Table 2 lists the genes that demonstrated significant changes at more than three time points. A total of 15 genes were considered commonly expressed genes. Twelve of them were upregulated, and the other three were downregulated. Pubmetrix analysis for gene lists from CD3 ϩ T cells after IRI identified that 12 and 14 genes among 15 candidate genes had been associated with renal IRI and kidney inflammation, respectively, according to the current PubMed database. All of them were well known for their role related to immune cell trafficking. The commonly expressed genes were categorized into three groups. One group consisted of chemokine ligands and receptors. CCL7 and CCL5, and their receptors CCR2, CCR3, and CCR5 were highly upregulated throughout all time 
points.
Other genes were associated with cytokine signaling and the costimulatory pathway for antigen presentation.
Whereas genes related to cytokine signaling showed various expression between time points, expression of genes in the costimulatory pathway peaked at 6 h after IRI, subsequently decreased, and then increased on day 28 after IRI.
Global functional analysis.
An Ingenuity pathway analysis demonstrated 10 different types of molecular and cellular functions associated with genes which showed significant changes from each time point (Fig. 2) . Inflammatory responses related to antigen presentation, cell mediated-, and humoral immune response were identified as common biological func- tions where candidate genes affected by IRI at all time points were engaged. In the data from 6 h, cellular movement (P Ͻ 0.00005) and immune cell trafficking (P Ͻ 0.00004) were shown to have the highest significance involving 14 genes from our primary candidate list (Table 1) . On day 3, cellular development (P Ͻ 0.00006, 19 genes were involved) and cellmediated immunity (P Ͻ 0.00005, 18 genes were involved) were the most significant functions. On day 10, the genes were highly linked with cellular development (P Ͻ 0.000006) and tissue morphology (P Ͻ 0.000009) with 21 and 22 genes, respectively. On day 28, the significant functional processes were a shift to antigen presentation (P Ͻ 0.000004) and cell-mediated response (P Ͻ 0.000004), related to 33 and 35 genes, respectively.
Biological functional network. Ingenuity pathway analysis was then used to build functional networks between the candidate genes at each time point. To identify effector genes which work actively through interaction with other genes during whole time points, we conducted a genomic network analysis based on 24, 22, 24, and 37 activated transcripts at each time point (Fig. 3) . The network score for each time point was Ͼ26, and the network score means the probability that a network would be assembled by chance, which is statistically significant (P Ͻ 0.001), where a level ϭ Ͼ3. The top network derived from target genes at 6 h was related to cellular movement and immune cell trafficking, and TNF was centered with 13 other genes (Fig. 3A) . On day 3, TNF was surrounded by 11 genes, which were related to immunological disease and cellular movement (Fig. 3B) . The network for day 10 contained genes associated with hematological development and cellular movement, and TNF also occupied a central position connected with 13 genes (Fig. 3C) . The network derived from the data for day 28 contains 14 genes centered around IL-2, which was associated with cellular growth and proliferation and antigen presentation (Fig. 3D) . CCR5 was the only component that participated in networks for a significant functional pathway at all time points.
Validation of protein expression of candidate genes.
We assessed protein expression of selected candidate genes by flow cytometry. TNF-␣ and CCR5 expression were increased in T lymphocytes of IRI kidney at all time points, which correlated very well with PCR findings. CD40 expression was higher on days 10 and 28, and CD80 expression was higher on days 3 and 28 in IRI kidneys compared with contralateral kidneys, which is consistent with gene expression data, although upregulation of both genes at 6 h did not coincide with protein expression (Fig. 4) .
Anti-CCR5 antibody attenuated renal dysfunction following IRI. Renal dysfunction following IRI was evaluated with daily serum creatinine measured until day 3 after bilateral IRI (Fig. 5A ). Mice treated with a CCR5-blocking antibody had lower serum creatinine compared with the isotype control antibody group from day 1 to day 3 after IRI (control vs. blocking antibody; day 1: 2.12 Ϯ 0.13 vs. 1.53 Ϯ 0.11, day 2: 2.62 Ϯ 0.20 vs. 1.67 Ϯ 0.14, and day 3: 2.24 Ϯ 0.25 vs. 0.92 Ϯ 0.08 mg/dl, P Ͻ 0.05). Survival on day 3 after IRI in the blocking antibody group trended higher, but was not statistically significant (control vs. blocking antibody 61 vs. 75%, P ϭ 0.06) (Fig. 5B) .
Anti-CCR5 antibody reduced renal tubular injury following IRI. CCR5-blocking antibody-treated mice had reduced tubular injury and necrotic debris. There were significant differences in the percentage of damaged tubules consistently in both cortex and outer medulla (control vs. blocking antibody: 8.4 Ϯ 3.8 vs. 1.1 Ϯ 0.28 in cortex, and 41.8 Ϯ 4.0 vs. 18.8 Ϯ 4.6 in medulla, respectively, Fig. 6 ).
Anti-CCR5 antibody attenuated T cell activation following IRI. We investigated a subpopulation of T cells, B cells, NKT cells, NK cells, macrophage, neutrophil, and dendritic cells of the postischemic kidneys in both treatment groups (Table 3) . Because the cell counts of KMNCs were not different between groups, the percent population also reflected absolute proportions. The population of total CD3 ϩ T cells, and their subtypes, CD4
ϩ and CD8 ϩ T cells, were not different between groups. Genes which showed significant changes (fold-change Ͼ2.0 or ϽϪ2.0 and P Ͻ 0.05) at more than 3 time points studied) were listed as candidate genes. Pubmetrix analysis demonstrated that 12, 14, and 15 genes among 15 candidate genes were related to kidney IRI, renal inflammation, and immune cell trafficking, respectively, in the current PubMed database. (Genes in italics were downregulated.) Fig. 2 . Global functional pathway with significantly up-and downregulated genes at each time point. The significance value of each function is a measure of how likely a group of our candidate genes is involved in a represented (x-axes) function. The significance is expressed as a P value that is calculated using the right-tailed Fisher's exact test and represented as negative log value (y-axis). The threshold line represents significant P value 0.05 (1. However, the percentage of activated T cells with CD69 expression was lower in the CCR5-blocking antibody group compared with control (control vs. blocking antibody; 22.4 Ϯ 3.8 vs. 13.9 Ϯ 1.0% population on day 3 after IRI, P Ͻ 0.05). Blocking antibody treatment had little effect on B cells, activation and differentiation of B cells, NKT cells, activated NKT cells, NK cells, macrophages, neutrophils, and dendritic cells.
Anti-CCR5 antibody decreased CCL5 expression. Chemokine ligands related to CCR5, such as CCL3 and CCL5, were measured by ELISA in kidney tissue. CCL3 and CCL5 levels were increased after IRI. Blocking antibody treatment significantly attenuated CCL5 expression in kidneys (Fig. 7) .
DISCUSSION
We have demonstrated that the small population of CD3 ϩ T cells infiltrating into the kidney after IRI can undergo molecular profiling, which then led to the identification of a novel mechanistic pathway in this disease. Robust changes were found in chemokines, cytokines, and costimulatory molecules in kidney T cells after IRI. CCR5 was one of genes most highly increased in kidney-infiltrating T cells after IRI. Antibody blockade to CCR5 attenuated functional and histological changes in the kidney after IRI and led to decreased activation of kidney-infiltrating T cells.
A number of studies have demonstrated the important role for T cells in kidney IRI as in other nonimmunological renal diseases such as hypertension and diabetes (6, 16, 24) . Rapid trafficking of T lymphocytes into the kidney was observed as early as 1 h after IRI (4, 31) . The pathogenic role of T cells in kidney IRI has been revealed by renal protection after IRI in athymic nu/nu mice (11), peripheral T cell depletion (7), and inactivation of T cell chemoattractant (47) . CD4 ϩ T cells, particularly IFN-␥ producing, are important mediators of IRI (11, 15) . T cell receptor (TCR) diversity and activation participated in kidney IRI (38 -39) . Th1 and Th2 T cell subsets have different effects on IRI (43, 49) , and recently a small T cell population, regulatory T cells, has been found to confer protection from kidney IRI (19, 25) . Moreover, increased numbers of activated effector-memory T cells were found in the postischemic kidneys as late as 6 wk after IRI, suggesting that T cells are also involved in long-term changes after IRI and could be responding to a newly exposed neoantigen (5) . There is preliminary evidence in humans as well that T cells mediate IRI (9, 27) . Despite many studies demonstrating the role of T cells in experimental kidney IRI, the underlying mechanisms are largely unknown Gene expression profiling can be useful in providing mechanistic insight and identifying novel biomarkers for kidney IRI (20, 37) . While a previous study has analyzed the transcriptome of the pure T cell population using cultured T cells in a rejection model (21) , low numbers of kidney-infiltrating T cells during IRI have limited discovery in this setting, and defining transcriptional characteristics of T cells infiltrating into the kidney after IRI has been challenging. There have been recent advances in methods that effectively elute mononuclear cells from the kidney and isolate pure CD3 ϩ T cells. To circumvent the problem of a small number of cells, we started with a technique which we have previously used to elute mononuclear cells from kidney using Percoll gradient methods (4). We then isolated CD3 ϩ T cells by magnetic bead separation from kidney mononuclear cells and extracted RNA from the pure T cell population. RNA purity was checked by three different methods for confirming the quality of samples. We then applied an array-based QRT-PCR to study multiple genes with a small amount of RNA at the same time and identify specific biological pathways of interest. Quantitative PCR array anal- . All mice were treated with either an antibody against CCR5 or a control antibody before undergoing kidney ischemia followed by reperfusion. The blood samples were taken at indicated time points, and serum creatinine concentration was measured as a marker of renal function. All mice were followed up for mortality to 72 h after surgery, and mice survival was analyzed. A: serum creatinine level was significantly lower at all of time points in mice with CCR5 blockade compared with mice treated with control antibody. B: survival rate after kidney IRI trended higher in CCR5-blocked mice than in control mice by 72 h, but it was not significant (P ϭ 0.06). *P Ͻ 0.05 vs. isotype control antibody group; n ϭ 16 -18 per group. ysis enables detection of multiple transcriptional changes from very small amounts of RNA (23) . Combining these techniques, we were able to measure transcriptional changes in diverse candidate genes from purified CD3 ϩ T cells infiltrating into the kidney after IRI.
IRI led to robust transcriptional activities in T cells as early as 6 h after IRI, and changes in gene expression persisted even 4 wk after IRI. Supervised hierarchical clustering identified several clusters linked with up-or downregulated genes in ischemic kidneys at each time point, which showed significant differences compared with T cells in the noninjured kidney. Fifteen genes that showed significant changes in expression at more than three time points were stratified into three groups: chemokines, cytokines, and costimulatory molecules. The functional analysis tools linked our gene expression to pathways associated with various immune responses. Immune cell trafficking and cellular movement gene changes were prominent at 6 h and day 3, and there was a change in the pattern with an increase in cellular development products related to immune responses on day 10. By day 28, there was a shift in T cell gene expression toward cellular and humoral immune responses involved with antigen presentation.
CCR5 was repeatedly among the highest upregulated genes at all time points, as well as the only one candidate gene that demonstrated significant interaction within key biological functional networks at all time points studied. This suggested that CCR5 could be playing an important role in IRI. Moreover, tools were available to define the exact function of CCR5 in IRI with blocking antibodies. CCR5 is a cellular receptor for RANTES, macrophage inflammatory protein-1 in T lymphocytes, macrophage, and dendritic cells (33) . We first validated the increased CCR5 gene expression in T cells after IRI at the protein level by flow cytometry. CCR5 expression was also shown in macrophages and dendritic cells. However, it was not significantly different between ischemic and contralateral kidneys (data not shown). We hypothesized that CCR5 on T lymphocytes was a mediator of kidney IRI. Antibody blockade of CCR5 attenuated kidney IRI, although the effect on survival was not significant. Moreover, CCR5 blockade led to decreased T cell activation in the kidney after IRI. These data are Fig. 6 . Histological assessment of renal tubular damage. Upon euthanasia, the kidneys were harvested and stained with hematoxylin and eosin for histological examination. The degree of renal tubular damage was blindly scored by a renal pathologist. A and B: representative photomicrographs of the ischemic kidney from mice treated with CCR5 or control antibody. On day 3, postischemic kidneys of CCR5-blocking antibody-treated mice showed less severe tubular damage compared with control both in cortex and medulla. C: kidney tubular damage score. Arrows indicate necrotic tubules, and arrowheads indicate necrotic debris. Magnification ϫ200. *P Ͻ 0.05 vs. isotype control antibody group; n ϭ 10/group. consistent with previous reports that blockade of CCR5 attenuated intestinal and cardiac IRI in mice (2, 10). In addition, clinical studies on the role of CCR5 in allograft rejection linked its inactive allele carriers to longer graft survivals (22) . An inactive CCR5 phenotype was also correlated with lower mortality in dialysis patients (30) . Measurement of chemokines showed that CCL5 was decreased with antibody blockade of CCR5 compared with isotype control. CCL5 is a well-known chemoattractant and one of the chemokines related to tissue injury in renal IRI. Reduced T cell activation after IRI in CCR5 blockade might explain the decrease in CCL5 and attenuation of renal IRI. The exact role and mechanisms by which CCR5 is involved in IRI requires further study.
In addition to CCR5, other T cell candidate genes were revealed by our transcriptional discovery work. CCL7, a ligand for CCR1, -2, and -3, was the highest expressing gene. CCL7 is known to modulate lymphocyte activation and maturation (1) and was also found to be increased in stroke (48) . Chemoattractant activities of CCL7 and CCL5, a well-known chemokine in kidney IRI (13) , might be enhanced by the upregulation of target receptors such as CCR3 and CCR5. SOCS3 was another prominent T cell gene we found. This molecule was shown to confer cardioprotection in ischemic injury (51) , whereas SOCS3 overexpression led to increase in oxidative stress (32) and suppression of regulatory T cells (28) , which could worsen IRI. Another key gene, TNF-␣, showed constant elevated expression in T lymphocytes after IRI, and it could be associated with poor renal outcome (13) . TLR4 was also elevated in trafficking T cells, can mediate IRI (3, 35, 50) , and increased TLR4 expression in T cells induced recruitment of memory T cells after burn injury (14) . CD80, CD86, and CD40 were altered in kidney-trafficking T cells and are wellknown costimulatory molecules which strengthen interaction between T lymphocytes and antigen-presenting cells in IRI (36, 41, 45) . Future studies can explore the role of these molecules in the T cell response to kidney IRI.
Although our PCR profiling interrogated only 89 transcripts in kidney T cells, we focused on important lymphocyte pathways. Moreover, array-based QRT-PCR is a very accurate and effective way of investigating transcriptome with small amounts of RNA. This technique does not require mRNA validation at the transcript level like microarray chips, and thus one can proceed directly to protein level validation. We focused on select highest-expressing and biologically significant targets and found that protein expression on T cells was consistent with our PCR array data.
In summary, we established a technique which enabled discovery-oriented genetic profiling for a pure single T cell population infiltrating into the kidney after IRI and found robust transcriptional activities in kidney T cells. Among genes showing changes in expression associated with chemokine and cytokine signaling and costimulatory pathway for antigen presentation, CCR5 was one of the highest, and the only one with significant interactions for major biological process throughout all time points studied. Antibody blockade of CCR5 in mice protected renal function after IRI. Analysis of transcriptional activities in kidney T cells after IRI can help to elucidate mechanisms of IRI mediated by T cells and lead to future candidate diagnostic and therapeutic strategies. Values are means Ϯ SE. *P Ͻ 0.05 compared with control. Fig. 7 . Effect of CCR5 blockade on renal CCL3 and CCL5. The protein levels of CCL3 and CCL5 were measured in whole ischemic kidneys from mice with CCR5 blockade or control antibody at days 0 and 3. CCL3 and CCL5 levels were increased after IRI compared with those at day 0. The CCL5 level in postischemic kidneys was significantly less increased in the CCR5 blockade group than that in the control group. *P Ͻ 0.05 vs.. D3 isotype control antibody group; n ϭ 8/group.
